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Growing electromagnetic interference (EMI) and radar-signature concerns in the X and
Ku microwave bands (8-18 GHz) have renewed interest in thin, lightweight, absorption-
dominated composite materials as an alternative to bulky metallic shields. This work
presents a numerical design study of a PVDF/MWCNT/Fe304 nanocomposite absorber
backed by a perfect electric conductor (PEC) plane. A dispersive material model was built
from representative low-frequency electromagnetic data combined with a Fe304-driven
magnetic resonance placed at 14.5 GHz, and reflection loss was computed using the
transmission-line model (TMM), the exact analytical solution for a homogeneous slab at
normal incidence. A thickness sweep from 1.0 to 2.5 mm revealed a sharp, narrow band
resonance instead of a gradual thickness-dependent trend. The best configuration, at 1.61
mm, reached a minimum reflection loss of -58.6 dB at 11.34 GHz, well beyond the -20 dB
(99% absorption) target and deeper than comparable double and triple filler absorbers
reported in the literature at similar thicknesses. The resonance arises from quarter-
wavelength geometric matching coinciding with a loss tangent already elevated on
approach to the assumed magnetic resonance, and it proved highly sensitive to thickness,
with minimum reflection loss (RLmin) varying by over 30 dB across a 0.4 mm window, a
finding with direct implications for manufacturing tolerance. These results were cross
checked against an initial HFSS Floquet-port simulation, which was found to require a
finer mesh before it can serve as independent verification this remains ongoing work,
alongside experimental validation of the electromagnetic input data above 12 GHz.
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1. Introduction

Electromagnetic interference (EMI) and unwanted radar reflections
have become a significant concern due to the rapid growth and
widespread use of radar, satellite, and dense wireless communication
systems operating across the X-band and Ku bands (8 - 18 GHz).
These difficult problems are unmanageable in aerospace and defense
structures. Traditional methods, such as metallic shields, work almost
entirely by reflection, which is effective for isolating a system from
external EMI but has limited effect in reducing radar's structure
signature, and they simply relocate the reflected energy elsewhere.
Such methods are undesirable for applications where the main goal is
to absorb the incident wave rather than redirecting it. Accordingly,
conductive polymer nanocomposites loaded with dielectric and
magnetic fillers have emerged. Moreover, these polymer
nanocomposites are light in weight, have a tunable electromagnetic
response, and are simple to process [1], [2]. EMI shielding
performance is conventionally reported through shielding
effectiveness (SE), decomposed into reflection and absorption
contributions.
SET(dB) = SER + SEA = 10l0910(PT/P1) (1)

where both Pl and PT are incident and transmitted powers. Dubey et
al. used this two-port formulation to show numerically that a CNT-
loaded polypyrrole composite reaches a percolation threshold at as
little as 2 wt% CNT loading, beyond which Shielding Effectiveness
(SE) continues to rise only moderately, and that the resulting
composite is absorption-dominated (SE_A >» SE_R) across the X-
band [1]. Mohan et al. experimentally characterized a carbon-based
epoxy nanocomposite shield across both the X- and Ku-bands using
the same framework, confirming that broadband EMI performance is
achievable with a single carbon-filler system when loading and
thickness are tuned appropriately [2].

The present study targets configuration of single-port, PEC-backed
radar absorbing material (RAM), for which the relevant measure is
reflection loss (RL) rather than SE; the two metrics are related in spirit
but not numerically interchangeable, and Section 2.2 defines the RL
formula that is used in this work. In pure dielectric (carbon-only)
absorbers are likely to reflect a large fraction of incident power is
likely to be reflected at the front interface because their intrinsic
impedance is poorly matched to free space. Magnetic fillers such as
Fe;O4 (magnetite) are commonly used along with carbon nanofillers
specifically to correct this impedance mismatch. The FesOa
contributes magnetic loss through natural resonance mechanisms that
lead to raise the effective permeability of the composite, bringing its
wave impedance closer to that of free space and thereby reducing the
fraction of incident energy that is reflected before it can be absorbed
(3], [4].

Shen et al. demonstrated this synergy clearly in a magnetic hollow
mesoporous carbon system, where deliberate impedance matching
was the design lever used to achieve strong broadband absorption [3],

while Huang et al. showed that rod-shaped Fe:0:/Fes;Os/MWCNT
composites benefit from the combined dielectric-magnetic loss
mechanism. PVDF (polyvinylidene fluoride) has become a popular
host matrix for this type of hybrid absorber because of its intrinsically
higher dielectric permittivity relative to common epoxy hosts, its
mechanical flexibility, and its compatibility with solution-casting or
electrospinning fabrication routes. Adebayo et al. fabricated a
Fes04/PVDF nanocomposite and by using finite-element simulation of
the measured electromagnetic parameters, they reported a minimum
reflection loss of —62.7 dB at 16.9 GHz for a 3.5 mm sample,
attributing the result to favorable impedance matching arising from
balanced dielectric and magnetic loss [5]. Yang et al. combined
MWCNTs and FesOa in a flexible silicone-rubber foam and likewise
found that the magnetic filler shifted the dominant shielding
mechanism toward absorption [6], and Li et al. showed for a P\VDF-
co-HFP/FesOJ/reduced-graphene-oxide system that the strongest
absorption band concurred with the classical quarter-wavelength
interference matching condition rather than with the intrinsic loss peak
alone [7]. Hollow or core—shell Fe;O4 morphologies have also been
explored specifically to shift the magnetic resonance frequency
upward into the Ku-band, since bulk Fe;O4 alone resonates well below
5 GHz [8]. outperform either filler type alone [4].

The second closely related design is absorber thickness. Because
reflection loss is controlled by both the intrinsic loss tangent of the
material and by constructive interference between waves reflected at
the front face and at the PEC backing, the frequency at which RL is
minimized shifts with thickness even for a fixed material composition.
Ibrahim et al. demonstrated this trade-off directly using double-layer
carbon-black/ferrite composites, tuning layer thickness to change the
absorption minimum within the X-band [8][9]. For Fes;O4/MWCNT
systems, Yuan et al. reported that coupling FesOs nanocrystals to
MWCNTSs blue shifts the magnetic resonance frequency to around 9.1
GHz, substantially higher than the sub-5 GHz resonance of
conventional bulk FesOa, which is what makes FesOa/carbon hybrids
feasible absorbers in the higher-frequency Ku-band at all [10]. Yin et
al. observed a related effect in anisotropic FesOs/graphene composites
and found an optimal reflection loss of about —38.1 dB at 14.8 GHz
for a 1.7 mm sample, showing that with the right filler morphology the
magnetic loss peak can be placed usefully inside the Ku-band [11].
Based on this body of work, the present study investigates a PVDF
matrix loaded with 5 wt% MWCNT and 20 wt% FesOa, aiming for RL
below —20 dB across the frequency range of 8 to 18 GHz with a
thickness not exceeding 2.5 mm, a constraint set by typical conformal-
coating and weight-budget requirements. Rather than fabricate the
composite experimentally, we carry out a purely numerical design
study in Ansys HFSS, using a Floquet-port periodic unit cell to
evaluate reflection loss directly from the simulated S11 parameter, and
use a parametric sweep over range thickness to map the achievable
design space before committing to a specific fabrication route.

2. Simulation Methodology
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The overall simulation steps, starting from PUC geometry and
boundary definition through the adaptive mesh-refinement loop to

final RL  extraction, is  summarized in Figurel.
; Analysis
Design = Solution Type — ‘I’nrnmetru: M(."’e_l — Solution Setup
@UC geometry) (Modal) Geometry/ Materials Frequency Sweep
Boundaries E
(Lattice pairs) (Flooquet port)
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—

Fig. 1. Hierarchy of simulation steps followed in Ansys HFSS of
study.

2.1 Absorber geometry and boundary conditions

The absorber was designed as a three-layer stack inside a rectangular
periodic unit cell of 10 x 10 mm2 cross-sections, as shown in Figure.
2. From bottom to top, the stack consists of a 0.5 mm perfect electric
conductor (PEC) backing plane, which represents a metallic substrate
typical of an aerospace panel; the PVDF/MWCNT/FesOs4 absorbing
slab, whose thickness t was varied from 1.0 to 2.5 mm; and an air
region of 6-7 mm extending up to a Floquet excitation port. Periodic
(lattice-pair) boundary conditions were applied to the four side walls
of the unit cell to emulate an infinite periodic array under normal-
incidence plane-wave illumination, and the Floguet port was excited
in the fundamental TE mode only consistent with normal incidence.
The unit-cell period was kept below A across the band, though the
margin narrows at the upper edge.[12]

Incident wave E,, H,

data2

Floguet Port
(lattice boundary)

2 Uni celt: 10 x 10 mm

X (mm)

Fig. 2. Exported HFSS geometry of the periodic unit cell: PEC backing
plane, PVDF/MWCNT/Fe;O4 absorbing slab, and the air region
terminated by the Floquet port.

2.2 Dispersive material model

Reflection loss is highly sensitive to the frequency dependence of the
complex relative permittivity (&', €"”) and permeability (y', 1) of the
absorbing layer, so a non-dispersive (single-frequency) material
assignment has been considered inadequate for a design study
spanning a full decade-and-a-half octave of bandwidth. Representative
electromagnetic parameters consistent with reported values for
MWCNT/Fes;0s loaded polymer composites in the lower X-band [4],
[6] were adopted as an anchor, and the dielectric response was
extended toward 18 GHz using a decaying-exponential trend for ¢’ and
a saturating trend for &”, reflecting the well-documented behavior of
MWCNT  conduction/interfacial-polarization ~ loss  networks
approaching a high-frequency plateau [1], [4].

For the magnetic response, instead of assuming a flat non-dispersive
permeability, a Lorentzian resonance feature was introduced with
resonance frequency fo = 14.5 GHz and damping factor A, with static

permeability ps =2.3:
K () =14 (s —D(fo* = f/(fo* = >+ (FH*] (@)
1) =ws—1-f-4/1(fo* = fA*+ (FD*]1 (3)

This placement is directly motivated by the literature. Yuan et al.
observed a superparamagnetic relaxation driven resonance at a
frequency of 9.1 GHz in FesOs/MWCNT structures. This resonance
was much higher in frequency compared to the resonance seen in pure
FesOa, which occurs at less than SGHz. They connected this shift in
frequency to better absorption of signals in the Ku-band, which is why
they think the improved absorption is happening.[10]Yin et al.
separately reported optimal absorption at 14.8 GHz for an anisotropic
FesOs/graphene composite of comparable thickness to the present
design [11]. The 14.5 GHz value here sits between these two literature
benchmarks and represents a physically motivated estimate for the
FesOs-loaded PVDF/MWCNT system under study [13]. We
emphasize that the range of 8-12 GHz of the input dispersion curve is
treated as representative of measured composite behavior reported in
the literature, while the 12.5-18 GHz band is a modeled extension
using equations (2) and (3) and, in future work, should be validated
against vector network analyzer characterization of the actual
composite. The resulting ¢, €”, ', and p” curves in Figure 3 were
imported into HFSS as frequency-dependent datasets and linked to the
slab material via piecewise-linear interpolation Table 1.

{a) Complex Permittivity {b) Complex Permeability

Frequency (G1) eauirey (110

Fig. 3. Frequency-dependent complex permittivity (a) and
permeability (b) used as the HFSS material model, with the assumed
FesO4 magnetic resonance at ~14.5 GHz indicated.
Table 1: Frequency-dependent electromagnetic parameters used as
HFSS material input

Freq (GHz) g g Ty n”
8.0 9.20 2.10 2.10 0.85
9.0 8.65 2.42 1.99 1.06
10.0 8.24 2.65 1.90 1.34
11.0 7.94 2.83 1.81 1.58
12.0 7.72 2.96 1.73 1.65
13.0 7.55 3.05 1.63 1.65
14.0 7.42 3.12 1.51 1.60
15.0 7.33 3.17 1.42 1.44
16.0 7.16 3.22 1.35 1.10
17.0 7.03 3.23 1.24 0.79
18.0 6.95 3.24 1.20 0.61

Lorentzian resonance parameters used in equations (2), (3) are fo =
14.5 GHz, damping factor A = 5.5 GHz, and static permeability s =
2.3.
2.3 Solution setup and reflection-loss extraction
We configured a modal-driven, adaptive frequency-domain analysis
with a solution frequency of 13 GHz. The setup required convergence
(AS < 0.02 between successive passes) within a maximum of 15
adaptive mesh-refinement iterations. Each thickness variation was
analyzed using an interpolating frequency sweep from 8 to 18 GHz.
The reflection loss (RL) was then determined directly from the self-
scattering parameter of the Floquet port,

RL(dB) = 20log10lS11l (4)
The definition of reflection loss defined in equation (4) follows the
common convention in the absorber literature of [5] and [11], where
more negative values indicate deeper absorption.
Without a separate transmission term, the PEC backing plane
guarantees S21 = 0 and all non-reflected power is, by definition,
absorbed within the slab. A design-variable parametric sweep (Ansys
Optimetrics) was used to solve the full thickness range in a single
batch, which additionally allowed all resulting RL(f) curves to be
overlaid and, subsequently, interpolated into an RL(f, t) design surface
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[14].

For a homogeneous planar PEC-backed slab under normal-incidence
excitation, reflection loss allows a closed-form solution via the
transmission-line model (TMM), in which the input impedance is
Zin = Z0 -/ (ur/er) - tanh (jkOd . \/(yrer)) . with reflection
coefficient I' = (Zin — Z0)/(Zin + Z0) and RL = 20log10|I| .
Because this expression is exact for the present geometry, a single
homogeneous layer at normal incidence, it was adopted as the primary
computational route for the results reported in Section 3, using the
same ¢, ¢”, ', " dataset described in Section 2.2. The full-wave
HFSS/Floquet-port model described above remains part of the
validation methodology; however, an independent analytical cross-
check using TMM revealed that the initial HFSS mesh (converged in
2 adaptive passes at approximately 450 tetrahedra) was insufficiently
refined to capture the sharp, narrow-band resonance features present
in this high-permittivity, high-permeability composite, particularly
near the thickness range identified below as optimal. Results in
Section 3 are therefore reported from the TMM calculation; full-wave
verification with a tightened convergence criterion (AS < 0.01,
minimum 20 passes) is identified as necessary follow-up work.

3. Results and Discussion

Figure 4 shows TMM-computed reflection loss versus frequency for
six representative thicknesses between 1.0 mm and 2.5 mm. Unlike a
simple monotonic trend, the response is dominated by a sharp, narrow-
band resonance centred near t = 1.61 mm, at which RL reaches —58.6
dB at 11.34 GHz — far exceeding the —20 dB design target and
substantially deeper than any other thickness tested, including the
previously assumed optimum at 2.5 mm. Table 2 summarizes RLmin
and its frequency across the tested range. Away from this resonance,
RL_min varies non-monotonically between roughly —10 and —30 dB,
confirming that the absorber's performance is governed by a sharp
impedance-matching condition specific to a narrow thickness window
rather[J than a gradual, thickness-proportional improvement.

-104
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& .
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_50 4 === 1.61 mm {optimal}
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_s04 2.5mm
8 10 12 14 16 18

Frequency (GHz)

Fig. 4. TMM-computed reflection loss vs. frequency for the absorber
at six representative thicknesses between 1.0 and 2.5 mm, including
the optimal 1.61 mm case.

A fine-resolution sweep (Section 2.3, 0.01 mm step) around this
feature confirms the resonance is really narrow: RLmin changes from
—24.1 dB at 1.40 mm to —58.6 dB at 1.61 mm and back to —23.3 dB at
1.81 mm, which is a swing of over 30 dB within a 0.4 mm thickness
window Figure 5. The —20 dB contour itself spans only 1.7 GHz in
frequency at the optimal thickness. This sharpness carries an important
practical implication: achieving this performance in a fabricated
sample would require thickness control on the order of tens of
micrometres, which may be demanding for solution-cast or spray-
coated PVDF composites. This trade-off between peak absorption
depth and manufacturing tolerance is a direct consequence of the high
dielectric and magnetic loading used here, and is a necessary design
consideration alongside the —20 dB target itself.

TABLE 2: Minimum reflection loss vs. absorption thickness

Thickness (mm) RL_min (dB) Frequency (GHz)
1.0 -13.6 14.00

1.3 —20.7 12.90

1.5 —29.6 11.89

1.61 —58.6 11.34

2.0 -17.1 9.50

Khalfalla et al.
2.2 -13.1 8.93
2.4 -10.4 8.50
2.5 —10.0 13.50

The full RL (f, t) design surface, obtained from the same TMM
calculation across a dense thickness grid, is plotted in Figure 5. The
surface shows a sharp, narrow peak near t = 1.61 mm, standing out
clearly against the broader, shallower region covering the rest of the
tested thickness range.

RL (dB)

Fig. 5. TMM-computed RL(frequency, thickness) design surface for
the PVDF/MWCNT/Fe304 absorber, showing the sharp resonance
neart=1.61 mm.

In Figure 6, we can see the attenuation constant o, calculated directly
from the same ¢', ", ', 1" dataset used in the HFSS material input,
which follows the standard formulation used throughout the
microwave absorber literature [4], [8]:

a= (\/’2 T f/C) . \/[(MHEH _ #’8,) + \/(#llsl!
+We + e (5)

_ #’8,)2

This is related to the underlying material loss mechanism behavior
rather than the geometric mechanism only. The resulting curve peaks
at approximately 15 GHz is adjacent to the assumed 14.5 GHz Fe;O4
resonance, which confirms that the intrinsic loss capability of the
composite is concentrated near the modeled magnetic resonance
independent of any geometric or thickness effect. This is a useful
finding on the dispersion model itself; the attenuation peak did not
have to be aligned with the resonance frequency. As this result is near
to 14.5GHz it supports the material model used in Section 2.2, even
though the model remains an estimate pending experimental
validation.

o
~

peak attenuation
near Fe;04 resonance

Attenuation Constant, a (Np/mm)
o s o o
w s n o

o
N

8 10 12 14 16 18
Frequency (GHz)
Fig.6. Attenuation constant a vs. frequency, computed from the same
dispersive €'/e"/p'/n" dataset used in the HFSS material model.

This result changes the comparison with the literature significantly.
Ibrahim et al. [9] reported —33.8 dB using a double-layer carbon-
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black/ferrite structure at 2 mm, and Ji et al. [15] reported —23.3 dB
using an MWCNT/Fe304/Si3N4 ternary composite at 2.5 mm. The
present single-layer, binary-filler design reaches —58.6 dB at 1.61 mm,
outperforming both. The physical origin is straightforward. Near 1.61
mm, the quarter-wavelength matching condition lines up with a
frequency region where the loss tangent is already rising steeply
toward the assumed Fe304 resonance at 14.5 GHz. The two
mechanisms reinforce each other at this specific thickness. Move even
slightly away from it, and they fall out of alignment. That is why the
curve in Figure 4 drops so sharply and recovers just as fast.
The optimal frequency, 11.34 GHz, sits well inside the X-band. It falls
between the two literature benchmarks used to justify the resonance
placement in Section 2.2: above the 9.1 GHz resonance Yuan et al.
measured for Fe304/MWCNT [10], and below the assumed 14.5 GHz
used in the present model. This gap between the matching frequency
and the magnetic resonance itself is worth noting. It confirms that the
deep absorption at 1.61 mm is driven mainly by geometric quarter-
wave matching, not by the material sitting exactly on its magnetic
resonance peak. The resonance still matters. It raises the loss tangent
enough, over a wide enough frequency window, for the geometric
condition to find a place to work. But the two are not the same
mechanism, and the paper should not imply they are.
One practical point follows directly from this. A resonance this sharp
is also this fragile. Section 3 fine sweep showed RLmin Swinging over
30 dB across a 0.4 mm thickness window. A sample manufactured a
few tens of micrometers off target could miss the deep absorption band
entirely and fall back toward the —20 to —25 dB range seen at
neighboring thicknesses. This is not a flaw in the simulation. It is a
real design constraint that any fabrication route for this composite
would need to address, most likely through tight process control
during solution-casting or through a small thickness-tolerance study
before committing to a coating specification.
4. Conclusion
A PEC-backed PVDF/MWCNT (5 wt%)/Fe304(20 wt%)
nanocomposite absorber was modeled across the 8-18 GHz X-Ku
band using a dispersive material model built from representative low-
frequency input data and a Fe304-driven magnetic resonance placed
at 14.5 GHz. Results were computed using the transmission-line
model (TMM), the exact analytical solution for a homogeneous, PEC-
backed slab at normal incidence. This choice followed a cross-check
against the initial HFSS Floquet-port simulation, which revealed that
the mesh used in that model had not converged finely enough to
capture the sharp resonance features this composite produces.
The headline result is a minimum reflection loss of —58.6 dB at 11.34
GHz, occurring at a thickness of 1.61 mm — well under the 2.5 mm
ceiling set at the start of this study, and substantially deeper than the
—20 dB target. This outperforms comparable double- and triple-filler
absorbers reported in the literature at similar thicknesses. The
mechanism is a coincidence of two effects: quarter-wavelength
geometric matching, and a loss tangent already elevated on the
approach to the assumed magnetic resonance. Away from this
thickness, performance drops off quickly, which points to a real
manufacturing-tolerance concern rather than a limitation of the result
itself.
Two limitations should guide how this result is read. First, the 12.5—
18 GHz segment of the electromagnetic input data is a modeled
extension rather than a measurement, so absolute values above 12 GHz
still need experimental confirmation. Second, the HFSS full-wave
model requires a re-run with a tighter mesh-convergence criterion
before it can serve as independent verification of the TMM result
presented here; that work is in progress. Future work should also
include a thickness-tolerance sensitivity study, given how narrow the
resonance proved to be, and experimental characterization of the
fabricated composite across the full band.
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